PHYSICAL REVIEW B, VOLUME 63, 235210

Suppression of the anomalous blue shift in the band gap temperature dependence
of AgCuGas, alloys

In-Hwan Choi
Department of Physics, Chung-Ang University, Seoul, Korea

Peter Y. Yu
Department of Physics, University of California, Berkeley, California 94720 and Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 20 November 2000; published 31 May 2001

It has been known for some time that, at temperatures below 100 K, the band gap of AepBdfits an
anomalousblue shiftwith increase in temperature. We have found that this anomalous blue shift can be
suppressed completely by as little as 1% of Cu in AgCuGdlBys. In conjunction with the disappearance of
the blue shift, soft-phonon sidebands to the one-phonon Raman peaks are greatly broadened and no longer
resolvable as distinct peaks. Our results are consistent with the suggestion that a soft-phonon mode may be
responsible for this anomalous blue shift in AgGaS
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I. INTRODUCTION repeated heré.The concentration of Cu in our alloys was

varied by either 0.5% or 1% at a time by controlling the
It has been knowh?® since the 1970s that the band gapsamount of Cu added to the starting materials. Temperature-
(Eg) of the Ag chalcopyrite semiconductors Ag&aand  dependent absorption measurements were performed with
AginX, (where X=S and Sg exhibit an anomalous blue the sample located inside a variable-temperature helium re-
shift with increase in temperatud) for T<100K. ForT  frigerator. The absorption and Raman measurements are

>100K E4 shows the usual redshift with increaseTnas  similar to those described in previous publicatibrighe en-

found in most semiconductors. To our knowledge this behavergy gap was determined from the absorption spectra using

ior is not found in the diamond- and zinc-blende-type semi£q. (5) in Ref. 8. The equation includes the contribution
conductors, except in quantum wells and in GalnN alloySom poth the bound and continuum states of the exciton to

gﬂitﬁl?:eglljzceﬁ'gn?glggrirslegisaetnl/zg éirl;piﬁr?ﬁ:ﬁgigfolzl;?nespbtained in this way is plotted as a fu_nction of temperature in
cence spectra and not in the absorption and reflection spectrF'.g' 1 for four AgCu; Ga$ a!)loys withx=1, 0.995, 0.99,
Furthermore, the magnitude of the blue shift is correlatecf‘g& and 0.97..Tha_=1 (or 0% of Cy curve has already
with the inhomogeneous exciton linewidth caused by the po?€€" r%p_orted.m Fig. 5 of Ref. 6. As found by several
tential fluctuations. So far no definitive explanation of thisgr_oupé’ including our owrf, the band gap first increases
anomalous blue shift in the Ag chalcopyrites has been ofwith increase in temperature. Noting thgt this increase is al-
fered. Recently, it was suggested that this unusual behavighost linear inT, we have quantified this anomalous blue
in AgGaS may be related to the existence of a zone-edgéh'ft with a linear temperature coeff|C|elmi Eg/dT) by f|t—
soft-phonon mode in this compoufidBoth the anomalous ting the band gap energy far<100K with a straight line.
blue shift and the soft-phonon mode have been found t&ven @ small amount of Cu has two very noticeable effects
disappear in AgCu,_,Ga$ alloys containing 25% or more ©N theEg vs T curves. The first effect is to suppress the band
of Cu>® The fact that alloying tends to “destroy” the blue 9@pP alT~0 K. This is related to the large bowing parameter
shift in AgGas is another indication that this phenomenon isin the E4 vs alloy concentration curve, which has already
different from the blue shift found in GalnN alloys. In this P&en discussed in Ref. 6. The other effect is to suppress the
paper we have investigated the effect of a relatively Sm(fj“finom_alous blue shift. Although this blue shift is still observ-
amount of Cu alloying on both the anomalous blue shift andPle in thex=0.995 (or 0.5% of Cy curve, the slope

the soft-phonon mode in the AgCuGasiloys. We found (dEg/dT) has noticeably decreased. The blue shift disap-

that both phenomena are suppressed by a Cu concentratifgars completely in the curves with<0.99 and there is
of only 1%. nothing anomalous about thekg vs T curves. The slopes

(dEgy/dT) obtained from thél <100 K curves are plotted as

a function ofx in Fig. 2. We should note that the slopes

dEy/dT for T>100K are all negative in the AgCuGaS
Our AgCuGas$ alloy samples were grown by the iodine samples shown in Fig. 1 and their magnitudes are about a

vapor transport method. Details of the sample growth techfactor of 2.5 larger than the positivelg,/dT) at low tem-

nigue have been described elsewhere already and will not hgerature.

Il. EXPERIMENTAL RESULTS
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FIG. 1. The temperature dependence of band gap energies
AgCuGas alloys for several low-Cu alloy concentrations. The bro-

Temperature (K)

roughly the same as the total intensity of the broadened main
peak in thex<1 spectra. A similar conclusion is obtained by
%nalyzing the effect of Cu alloying on the other two Raman
peaks and their soft-phonon sidebands in Fig. 3.

ken lines represent linear fits to the band gap energies at low tem-
peratures.

To investigate the effect of a small amount of Cu on the
soft-phonon mode in AgGaSve have measured the Raman
spectra of our AgCu, _,GaS samples at 3.4 K. The result-
ant Raman spectra in the frequency range where soft-phonon
modes have been observed are shown in Fig. 3. xFhé
spectrum is same as the one published already in Ref. 5. The
vertical arrows in this spectrum point to the soft-phonon
modes which appear as sidebands of the main one-phonon
Raman peaks. These sidebands weaken gradually as the tem-
perature is increased and disappear completely Tat
>100K.®> Thus they disappear at approximately the same
temperature as the anomalous blue shift. The detailed tem-
perature dependence of these modes has been described in
Ref. 5 and will not be repeated here. In the present work we
demonstrated, in Fig. 3, that these sidebands due to the soft-
phonon mode are suppressed by as little as 0.5% of Cu in the
Ag,Cu,_,Ga$ alloys. To see more clearly the difference
between thex=1 andx<<1 Raman spectra we expand the
Raman spectra in the region between 380 and 410'@nd
normalize their peak intensities. The resultant spectra are

Ag,Cu, GaS,
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shown in Fig. 4. The dashed arrows indicate the two soft-

phonon mode sidebands in the-1 spectrum. Although the

FIG. 3. The low-temperature Raman spectra in several

x=0.995 and 0.99 spectra are almost identical, they diffepgCuGa$ alloys showing the high-frequency optical phonon
from the x=1 spectrum in that they do not show any evi- modes and their soft-phonon sidebar{dslicated by vertical ar-
dence of the soft-phonon mode sidebands. In addition, theows).
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— 77— T a consequence of the overdamping of this soft phonon, its
14000 [- ] contribution to the anomalous blue shift via the electron-

12000 - 3‘-?& Ag,Cu, GaS, ] phonon term is decreased by a factor of 2 as shown in Fig. 2.
- - a 1 For Cu concentration larger than 0.5% all one-phonon Ra-
® 1oor ML 1 man modes are broadened further by alloy fluctuation so that
& 8000 a S PN ] phonon sidebands cannot be resolved in the Raman spectra
E Poe ' of AgCuGas.
S e 5 * *5.+ / x=0.990 | We shall now consider the possibility that the anomalous
£ i ++++++ﬁ Az+++ ] blue shift may be caused by a reversal in the sign of the
& WOF ~ e T te, thermal expansion term at low temperature. In a diamond-
2000 |- wnnt? IR i type semiconductor, such as Si, it is known that the coeffi-
gRRRass x=0.995 ./' A?Azzzf c};gnt of thermal expansion igegativeat low temperatures
s a0 s a0 a5 ato (i.e., T<100K).'° Since the coefficient of thermal expansion
A in AgGa$ at low temperatures has not been measured it is
Raman frequency (cm') not known whether it is also negative at low temperatures. If

FIG. 4. A comparison between the Raman spectra around thg IS qegatlve at IOW tempgr?tur(als as ml S' tuen the STcond
I'5(LO) peak in three different AgCuGa&illoys. The peak inten- ermiin Eq.(l) can, in principie, aiso expiain t € anomalous
sity in the three spectra has been normalized. The dashed arrO\XI)éue Sh'ft' Howevgr, we shall argue that it is highly Ilkely_
point to the sidebands due to the soft-phonon mode inxthd that th|s explanation can account for the large blue shift
spectrum. found in AgGa$.

First, we note that the negative coefficient of thermal ex-
lIl. DISCUSSION pansion found in Si at low temperature is a rather weak ef-
fect. The magnitude of this low-temperature negative coeffi-

In Ref. 6 it was pointed out that the temperature coeffi-cient of thermal expansion is about one order of magnitude
cient of the band gapdEy/dT) contains two contributions: smaller than the positive coefficient of thermal expansion at

higher temperatures. If one assumes that the coefficient
% _ a_Eg n IEq dinV 1) (9dE4/dIn V)¢ is independent of temperature then this nega-
dT /) \ 4T vy \dInVv] {1 dT J° tive coefficient of thermal expansion may produce a positive
contribution todE4/dT that is at least one order of magni-
The first term is due to electron-phonon interaction while thetude smaller than the magnitude @E,/dT at higher tem-
second term is associated with the dependence of the crysta¢ratures. We note that the magnitudel&f,/d T in AgGa$
volume on temperaturéo be referred to as the thermal ex- in the region of the anomalous blue shift is only about a
pansion term The term ¢Eg/dIn V) is known to be nega- factor of 2—-3 smaller than the magnitude of the negative
tive in most semiconductors including the chalcopyrftés. dEgy/dT at higher temperatures. Thus it is highly unlikely
the thermal expansion coefficiedtin V/dT is positive then that this term can explain the large anomalous blue shift in
the thermal expansion term is negative and hence cannot likis compound. In addition, the thermal expansion term ac-
responsible for the anomalous blue shift. counts for only about 30% of the total value @E,/dT at

In Ref. 5 we suggested that the electron-phonon term cahigher temperaturésin order to account for the anomalous
explain the anomalous blue shift & if a low-frequency  blue shift in AgGa$ based on the thermal expansion term
phonon modgso far referred to as the soft-phonon mpde alone it would be necessary to assume that not only must its
makes a significant contribution to)iy/JT) at low tem-  coefficient of thermal expansion at low temperature be nega-
peratures only because this mode disappears with increasetime but its magnitude has to be as large as the positive co-
temperature. If this explanation is correct then there shoul@fficient of thermal expansion at higher temperatures. This is
be a correlation between the soft-phonon mode and the highly unlikely scenario. Thermal expansion is a manifes-
anomalous blue shift. In the present paper we find that théation of anharmonic coupling between lattice vibrations and
anomalous blue shift is significantly decreased by abouthe coefficient of thermal expansion and can be expressed in
0.5% of Cu and is completely absent for Cu concentratiorterms of the Groeisen parameter of the phonon modfes.
higher than 1%. The soft-phonon sidebands are not obsenlarge negative coefficient of thermal expansion would re-
able in the Raman spectra in AQCuGaamples containing quire the existence of one or more phonon modes with very
more than 0.5% of Cu. However, the detailed comparisodarge negative Gmeisen parameters. The frequency of such
between the Raman linewidths and line shapes shown in Figghonon modes would decrease as the sample is compressed
4 suggests that this soft phonon may still be present in thand so their frequencies can be reduced to zero or near zero
x=0.995 sample. It is not clearly observable in the Ramarunder sufficient compression. For this reason such phonon
spectra of this sample mainly because adexrease in the modes are often referred to as soft phonons. Thus we find
frequencyof the soft-phonon mode with a possible increasethat in either case it is necessary to postulate the existence of
in its damping so that the mode becomes overdamped. Orsome soft-phonon modes in order to explain the anomalous
evidence of this effect is the decrease in the strength of thblue shift in AgGa$.
phonon sidebands accompanied by an increase in the width We noted that a zone-center optical phonon in Ag&as
of the strong one-phonohi;(LO) Raman peak in Fig. 4. As has been found by Carloret al® to become soft under high
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pressure. It was pointed out by Artasall? that one way to  of AgGa$S. The reason why such a zone-edge soft-phonon
understand the zone-center optical phonons in Agg&3e  mode would be so sensitive to a small amount of Cu can be
start with the phonon dispersion of a zinc-blende structurexplained by the fact that these modes involve mostly motion
crystal and to fold its Brillouin zone in half along th&00]  of the heaviest atom in the chalcopyrite structure, namely,
(or X) direction. This folding of the Brillouin zone is justified the Ag atoms. This was demonstrated theoretically by Artus
by the doubling of the unit cube in the zinc-blende structureet al.for AgGa_SQ_l2 Since S atoms are lighter than Se atoms
to form the tetragonal unit cell of the chalcopyrite structure.this conclusion should be even more valid for AgGaS
Thus the lowest-energy zone-centéis{) optical phononin  When the Ag atoms are replaced by the much lighter Cu
the chalcopyrite semiconductors corresponds to the lowatoms we expect two things to occur. First, for small concen-
energy zone-edge transverse acoudi®) mode along th&X'  trations of Cu, the soft-phonon mode will be strongly scat-
direction of the corresponding zinc-blende structure. It istered as a result of alloy fluctuation leading to overdamping
now known that these zone-edge TR modes in the zinc-  of these modes as we observed in the Raman spectra shown
blende structure have a tendency to go soft under pressufg Fig. 4. For still higher Cu concentrations a separate
(i.e., negative Gmeisen parameterand are responsible for higher-frequency zone-edge soft-phonon mode involving
the negative coefficient of thermal expansion in diamondmainly vibration of the Cu atoms will emerge. This higher-
and zinc-blende-type semiconductors at low temperaﬂdres.frequency mode presumably has a much weaker coupling to
Considering the similarity between AgGaSmd AgGa$in  the band gap electrons and hence does not produce an
terms of their bonding and chemical nature, one may expecinomalous blue shift in the AgCuGaslloys with Cu con-

to find also a soft zone-center phonon mode in AgGaS centrations higher than 25%n this regard the behavior of
However, the frequency of this soft phonon at atmospherighe zone-edge soft-phonon mode in CuGa&nd in
pressurg~34 cm %) is too high to explain the soft-phonon AgCuGa$ alloys with large Cu concentration is similar to

sidebands in the Raman spectrum shown in Fig. 3. Thus Wghat found in zinc-blende-and diamond-type semiconductors.
propose that the soft phonon which is responsible for the

anomalous shift in AgGaSs probably a zone-edge TA pho-
non rather than the 34 cm zone-center mode. Based on the
idea of zone folding suggested by Artasal? in AgGaSe In conclusion, we have found that the anomalous
we expect the zone-edge phonon in Aggashave roughly  temperature-dependent blue shift in the band gap of AgGaS
one-half the frequency of the zone-center 34 ¢rmode.  at low temperature is suppressed completely by as little as
This crude estimate puts the frequency of the soft-phonon% of Cu. Together with the disappearance of this blue shift
sideband in thex=1 Raman spectrum in Fig. 3 at around the soft-phonon mode that has been observed as sidebands of
half the value of the zone-center phonon, i.e., 17 tnThis  strong one-LO-phonon Raman peaks is also broadened and
is in reasonable agreement with the experimental value of 8eakened by alloying with Cu. Our results are consistent
cm 1 at 3.4 K since we expect the frequency of the phonorwith the proposal that the existence of such a soft-phonon
in the middle of the Brillouin zone to be suppressed as itmode in AgGa$may be responsible for the anomalous blue
becomes a zone-edge phonon as a result of zone folding. shift in the band gap of AgGat low temperatures.

A soft zone-center optical phonon exists also in CugsaS
and probably in other chalcopyrite compounds as well. How-
ever, the frequency of this soft phonon in CuG&s4 cm )
is twice as high as in AgGa%nd its Grumeisen parameter is Part of this work performed in Korea was supported by
five times smaller in magnitudePresumably this is also true Grant No. 2000-2-114000-003-5 from the Basic Research
for the soft zone-edge phonon in CuGaShe higher fre- Program of the Korea Science and Engineering Foundation.
qguency of such modes in CuGa&obably results in a much The work at Berkeley was supported by the Director, Office
weaker electron-phonon coupling and explains why theof Energy Research, Office of Basic Energy Sciences, Mate-
anomalous blue shift is not observed in CuGaSspite of rials Sciences Division, of the U.S. Department of Energy
the great similarity between its optical properties and thoseinder Contract No. DE-AC03-76SF00098.

IV. CONCLUSIONS
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